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Optokinetic behavior is reversed in achiasmatic mutant
zebrafish larvae
Jens M. Rick*†, Ingrid Horschke* and Stephan C.F. Neuhauss*†
The vertebrate optokinetic nystagmus (OKN) is a
compensatory oculomotor behavior that is evoked by
movement of the visual environment. It functions to
stabilize visual images on the retina. The OKN can be
experimentally evoked by rotating a drum fitted with
stripes around the animal and has been studied
extensively in many vertebrate species, including teleosts.
This simple behavior has earlier been used to screen for
mutations affecting visual system development in the
vertebrate model organism zebrafish. In such a screen,
we have found a significant number of homozygous
belladonna (bel) mutant larvae to be defective in the
correct execution of the OKN [1]. We now show that
about 40% of homozygous bel larvae display a curious
reversal of the OKN upon visual stimulation. Monocular
stimulation leads to primary activation of ipsilateral eye
movements in larvae that behave like the wild type. In
contrast, affected larvae display contralateral activation of
eye movements upon monocular stimulation. Anatomical
analysis of retinal ganglion cell axon projections reveal a
morphological basis for the observed behavioral defect.
All animals with OKN reversal are achiasmatic. Further
behavioral examination of affected larvae show that
OKN-reversed animals execute this behavior in a
stimulus-velocity-independent manner. Our data support
a parsimonious model of optokinetic reversal by the
opening of a controlling feedback loop at the level of the
optic chiasm that is solely responsible for the observed
behavioral abnormality in mutant belladonna larvae.
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Results and discussion
We have rescreened a large collection of zebrafish mutants
originally identified by visible phenotypes for defects in
visual mediated behavior [1]. In the latter screen, the bel
mutation was identified as being abnormal in its opto-
kinetic response with many homozygous bel larvae having
a reversal of the OKN [1]. OKN was elicited in 5 day old
larvae (5 dpf) by the rotating drum paradigm. Wild-type
larvae respond to this binocular stimulus by a smooth
pursuit eye movement in the direction of the rotating
stripes followed by a fast resetting movement of the eyes.
In some bel larvae this behavior was executed correctly but
reversed in sign. For instance, a counterclockwise rotation
of the striped drum resulted in a clockwise pursuit move-
ment of the eyes. The bel mutant was originally isolated by
virtue of a pigmentation defect in the eye and aptly named
thereafter. A gap of variable size with uneven edges is seen
between the lens and the pigmented epithelium, giving
the eyes the appearance of having dilated pupils. This is
caused by a variable failure of the pigmented epithelium
to establish contact with the lens. Pigmentation is other-
wise unaffected in the eye [2]. Additionally, in many
mutant larvae retinal ganglion cell axons grow dorsally on
the ipsilateral diencephalon after leaving the eye, giving
rise to an abnormal ipsilateral instead of a contralateral pro-
jection [2]. As homozygous bel mutant larvae can be sorted
by their eye pigmentation phenotype, we determined the
fraction of mutant larvae displaying a reversal of OKN to
be approximately about 40% of a total of 965 tested larvae.
We found no defect in the optokinetic behavior in the
remaining fraction of mutant larvae. 
As we observed a behavioral defect in only a fraction of
mutants, we determined the penetrance of the retinotectal
projection defect. Furthermore, we addressed the question
whether retinal ganglion axons originating from the same
retina behave uniformly as a group or whether bilateral
projections occur. To that end, we injected a lipophilic
anterograde tracer dye solution (DiI or DiO) behind the
lens of fixed larvae to label the entire retinotectal projec-
tion of that eye.
In wild-type larvae, the projection is entirely contralateral
with all axons crossing at the optic chiasm (Figure 1a). In
mutant larvae, we observed a variety of projection defect
combinations. We injected a total of 318 mutant larvae, of
which 140 (44%) showed a complete contralateral projec-
tion, forming a normal optic chiasm. About the same
number of larvae (n = 123; 39%) were achiasmatic, forming
a completely ipsilateral projection (Figure 1b). The
remaining larvae displayed mixed projections, either a
normal contralateral projection with few axons growing
ipsilateral (n = 31; 10%) or an ipsilateral projection with
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few axons growing contralateral (n = 18; 6%; Figure 1c). In
some rare cases (n = 6; 2%), axons from both eyes pro-
jected to one tectum, leaving the other tectum devoid of
retinal ganglion axons (Figure 1d). Therefore, we con-
clude that the majority of axons originating in one eye
behave as a group and that mixed projections are the
exception. Even in these rare cases, the projections are
strongly biased towards one or the other hemisphere.
In order to establish a link between the morphological
defect of retinal ganglion axon misrouting and OKN sign-
reversal, we first assessed OKN behavior and then ana-
lyzed the retinal ganglion cell axon trajectory in the same
specimen. We used a monocular stimulation paradigm to
assay each eye separately. We found a strong correlation
between the behavioral and the anatomical defect. Larvae
with a reversed OKN (n = 256) are either completely achi-
asmatic (94%), or only few axons grow towards the con-
tralateral tectum (6%), forming a much reduced optic
chiasm. Conversely, larvae exhibiting a normal forward
nystagmus (n = 296) form a normal optic chiasm (91%)
with few larvae displaying a mixed projection, dominated
by contralateral growing axons (9%). This correlation is
consistent with earlier work, reporting that surgically
induced ipsilateral projections of retinal ganglion cell
axons can lead to OKN reversal in adult goldfish [3].
The main purpose of the OKN is to keep the image of a
moving stimulus fixed on the retina. Therefore, the opto-
kinetic system must minimally determine the direction
and velocity of the stimulus. As in some bel larvae the
detection of direction is reversed, the image of the moving
stimulus cannot be stabilized on the retina. We hypothe-
size that the stabilization of the image on the retina serves
as a feedback control for determining eye velocity. To test
this hypothesis, we counted the number of resetting
movements in 30 second intervals at various speeds as a
measure of eye movement velocity. As expected, the
number of resetting movements per given interval
increases with velocity of the drum in wild-type and bel
larvae exhibiting a normal forward nystagmus (Figure 2).
In contrast, in sign-reversed bel mutants eye velocity is
independent of stimulus velocity, indicative of an opened
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Figure 1
Projection defect of retinal ganglion cell axons in bel mutant larvae.
The entire retinotectal projection was labeled by injecting DiI (left eye,
red) and DiO (right eye, green). The eyes have been removed to allow
a better view of the tectum. (a) Wild-type larvae have a complete
contralateral projection with the optic tracts crossing at the optic
chiasm (arrow). (b) Some bel larvae have a complete ipsilateral
projection with no axons forming an optic chiasm. (c) Few bel larvae
have a mixed projection with axons terminating in both tecta. (d) In rare
cases axons from both eyes terminate in one tectum, leaving the other
tectum devoid of retinal ganglion cell axons (asterisk). Anterior is up;
the scale bar represents 100 m m.
Figure 2
OKN frequency in sign-reversed bel mutant larvae is stimulus-
independent. Box-and-whisker plot of mean number of resetting
movements per 30 sec interval at five different stimulus velocities.
The number of resetting movements per time interval increases in
wild-type (n = 17) and bel larvae with normal OKN (n = 13). There is
no dependency on stimulus frequency in sign-reversed bel larvae
(n = 13). Horizontal lines represent the median, boxes enclose 50% of
all the values (one quartile above, one below), the error-bar-like
whiskers represent the double standard deviation and the circles
represent the values outside of the double standard deviation.
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feedback loop. The movement of the drum initiates eye
movements but does not influence its speed.
The observation of the correlation of ipsilateral projections
with sign reversal of optokinetic behavior leads us to
propose a parsimonious model. This model predicts that
the visual input of a given wild-type eye feeds into its own
eye muscles via a contralateral located OKN-mediating
nucleus and eye muscle commanding motor nuclei
(Figure 3). In ipsilateral-projecting bel larvae, the initial
target is the ipsilateral OKN-mediating nucleus. The
signal is then processed as in the wild-type animal, leading
to the stimulus-perceiving eye steering the movements of
the other eye, thereby opening the feedback loop. We
tested this model in a monocular paradigm, where only
one eye was visually stimulated. As we observed that both
eyes are coupled, as in adult goldfish [4], both eyes move
even after monocular stimulation. The stimulated eye can
nevertheless be distinguished by the larger amplitude of
the eye movements. In wild-type-behaving larvae, the
amplitude of the stimulated eye is about three times larger
than that of the unstimulated eye. In contrast, the situation
is reversed in ipsilateral-projecting bel larvae where the
unstimulated eye not only moves in the opposite direction
to the stimulus but also with a larger amplitude than the
stimulus-perceiving eye (Figure 4). This indicates that, in
the mutant, the perceiving eye drives movement of the
unstimulated eye. In another visual behavior assay testing
for an optomotor response, both eyes perceive input of the
same direction [1]. As predicted, the response of homozy-
gous bel larvae is unaltered in such a stimulation paradigm.
Interestingly, a seemingly similar spontaneous achias-
matic mutation has been described in Black Belgian
sheepdogs [5,6]. This defect results in horizontally
reversed maps in the principal target of retinal ganglion
cell axons, the lateral geniculate nucleus (LGN). Similar
to achiasmatic humans [7,8], the behavioral consequence
is seesaw and pendular nystagmus [9,10]. Reversal of
optokinetic responses have also been described in
humans, as early as in the first half of the last century
[11,12]. In humans this condition is mostly associated with
congenital nystagmus [13] and albinism [14,15]. As albino
mammals are known to suffer from misrouting of optic
projections [16], the defect in oculomotor performance of
such animals is attributed to a projection defect at the
optic chiasm. In a fraction of human albinos, all with
anomalous visual projections, moving stimuli elicit
inverted pursuit eye movements. The eventual conse-
quences of misrouting varies widely among albino sub-
jects, as apparent by large intersubject differences [14].
This variability is most likely due to differences in the
extent of axonal misroutings. In normally pigmented
humans, reversal of OKN is mostly or exclusively associ-
ated with congenital nystagmus [13]. Although the under-
lying defect leading to reversed visual tracking is still
unclear, at least in some cases an association between a
lack of normal decussation of retinal fibers in the optic
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Figure 3
Model of OKN reversal in bel larvae. In the wild-type larvae, the visual
stimulus is perceived in the stimulated eye (red) and transferred across
the midline (dotted line) into the OKN-mediating nucleus (XN). This
nucleus connects to an integrator nucleus (IN), which in turn connects
to motornuclei (MN), again crossing the midline. These motornuclei
innervate the eye muscles, moving the eye. In parallel, the integrator
nucleus also drives the other eye, albeit with lower amplitude. The only
defect in bel larvae is that the retinofugal fibers do not cross the
midline but instead connect to the ipsilateral OKN-mediating nucleus.
The neural circuit after there is identical to the wild-type situation. As
the information path crosses the midline only once, the non-perceiving
eye is driven by information perceived by the other eye. 
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Figure 4
Synchronous recording of eye movements after monocular stimulation.
Upper traces are recorded eye movements of the unstimulated eye (U),
lower trace of the stimulated eye (S). Both eyes move in synchrony. In
wild-type larvae (WT) the stimulated eye moves with larger amplitude
than the unstimulated eye (n = 15). In mutants with sign-reversed OKN
(bel), the unstimulated eye moves with larger amplitude, indicating that
visual input drives the unstimulated eye (n = 10).
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chiasm, and reversal of OKN has been established [17].
Therefore the reported correlation between reversal of
visual tracking and abnormal retinal ganglion cell axon
behavior in bel might very well be similar and instructive
to the ethiology of congenital nystagmus in humans.
Recently, several genetic loci leading to congenital nys-
tagmus in humans have been genetically mapped [18,19].
As the molecular defect in congenital nystagmus is still
unknown, the bel mutation can possibly serve as a genetic
animal model of this heritable disease.
Conclusions
We have described a clear correlation between the behav-
ioral defect of optokinetic nystagmus reversal and the lack
of optic chiasm formation in the achiasmatic zebrafish
mutation belladonna. All achiasmatic mutants show a rever-
sal of the OKN. Behavioral experiments led us to suggest
a model of optokinetic reversal, based on the opening of
the controlling feedback loop. In the normal-behaving
animal, visual stimulation of one eye drives compensatory
eye movements of the same perceiving eye. In the mutant
situation, solely because of uncrossed optic fibers, the per-
ceiving eye drives eye movements of the other unstimu-
lated eye. The reversal of the OKN can therefore be
explained, as both eyes perceive movement in different
directions in the rotating drum paradigm. Our findings
demonstrate that a forward genetic approach can be used
in the zebrafish to uncover very specific behavioral
defects. Combined with a thorough neuroanatomical
analysis, these behavioral abnormalities can be success-
fully linked to their underlying structural defects. The
analysis of such behavioral mutations will prove to be very
useful to analyze neural circuits by genetic means and to
establish structure–function relationships of morphologi-
cal defects and resulting behavioral consequences.
Supplementary material
Supplementary material including additional methodological details is
available at http://current-biology.com/supmat/supmatin.htm.
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